This work investigates what phase transformations are taking place during a continuous heating as well as the influence of the solution temperature on the isothermal formation of martensite in a precipitation hardening semi-austenitic stainless steel. In previous studies in the stainless steel under investigation (12Cr-9Ni-4Mo-2Cu) only the isothermal mode of martensitic transformation has been experimentally detected. In this work it is shown that: 1) The A F temperature is located around 1040 K; 2) The χ-phase present in the initial microstructure dissolves above ~1323 K; 3) above 1448 K the formation of delta ferrite is promoted at austenite grain boundaries; 4) the kinetics of isothermal martensite formation is strongly accelerated with increasing solution temperature. The kinetics has been monitored in-situ at room temperature by using high resolution dilatometry. A semi-empirical dilatometry model is used to convert the dilatometry signal into volume fraction of martensite transformed. The results are briefly compared with previous kinetic measurements under the influence of strong magnetic fields.
Introduction
Precipitation hardening semi-austenitic stainless steels are a class of high alloyed steels that provide an excellent combination of strength and toughness, with a moderate corrosion resistance in some cases [1] . The semi-austenitic condition comes from the fact that these steels retain their austenitic structure on cooling to room temperature from the solution temperature, but transform to martensite when cooled below room temperature. After its transformation to martensite, the precipitation of fine intermetallic phases is induced during annealing at intermediate temperatures (673-873 K) [2] , providing the steel with their final mechanical properties. An ultimate tensile strength exceeding 3000 MPa has been attained in cold-rolled wires after the precipitation hardening heat treatment [3, 4] .
Kinetically, iron based alloys transform to martensite athermally or isothermally. The more common athermal martensite mode transforms during cooling as a function of temperature only. The isothermal transformation takes place as a function of temperature and time; an incubation time is needed for the transformation to start. The shape of the isothermal transformation curve is sigmoidal, as function of time; and shows a C-shape, as a function of temperature [5, 6] . Recent studies in the steel investigated have shown that martensite transforms isothermally below ~320 K or under the application of plastic strain/stress [5, [7] [8] [9] [10] This work investigates the continuous heating transformations taking place during a continuous heating in this steel as a previous step to optimize the solution temperature. The critical temperatures above which the different phases (martensite, χ-phase, δ-ferrite) appear or dissolved in the austenitic matrix of this steel after a continuous heating at a rate of 0.25 K/s are determined. It is shown that the higher the solution temperature applied to the steel, the faster the kinetics of isothermal martensite formation a room temperature. High resolution dilatometry has been used to record in-situ the isothermal formation of martensite.
Materials
The composition of the studied austenitic stainless steel amounts to 12 Cr, 9 Ni, 4 Mo, 2 Cu, 1 Ti, 0.7 Al, 0.3 Mn, 0.3 Si, <0.01 C, N and balance Fe (in wt.%). The as-received material is delivered as plates of 31 mm width × 0.45 mm thickness. The initial microstructure is composed of austenite and a small volume fraction of the χ-phase precipitates (Fe 32 Cr 12 Mo 10 ) [11] . Fig. 1 shows a light optical micrograph of the initial austenitic microstructure revealed with Lichtenegger-Blöch etching solution [12] . The average austenite grain size is around ~5-10 µm. The white dots correspond to χ-phase precipitates. 
Experimental Procedure
The heat treatments were carried out using the furnace of a high-precision high-resolution dilatometer Adamel Lhomargy DT1000. The samples used have dimensions of 12 mm in length and 4 mm in width. To study the reaustenitization process and determine the critical transformation temperature above which a fully austenitic microstructure is obtained (A F ), a fully martensitic sample was continuously heated at a rate of 0.05 K/s from room temperature to 1223 K. Different heat treatments were also carried out at increasing temperatures to study at which temperatures the dissolution of χ-phase and the formation of the δ-ferrite phase is promoted. For the metallographic inspection of the heat treated microstructures, the samples were mounted in the standard way, finishing in 1 µm polishing cloth using diamond pasted. The Lichtenegger and Blöch color etching solution has been used to differentiate martensite, austenite, δ-ferrite and the χ-phase in the steel microstructure [12] . To study the influence of the solution temperature on the martensitic transformation kinetics at room temperature, samples were continuously heated at a rate of 0.25 K/s to the solution temperature Tγ above A F temperature, held for 1 second and quenched at a rate of 300 K/s to room temperature. After determining the solution temperatures at which a fully austenitic microstructure was obtained and the presence of the δ-ferrite and the χ-phase was avoided, the influence of the solution temperature on the isothermal formation of martensite at room temperature was investigated. The formation of martensite was recorded in-situ using high resolution dilatometry. With this method, the relative change in length (∆l/l 0 ) of the samples can be monitored as a function of time at a constant temperature. By using a semi-empirical dilatometry model, described below, the volume fraction kinetics can be estimated from the value of ∆l/l 0 . To reveal the prior austenite grain boundaries, the samples were quenched to 1173 K just after the solution heat treatment. At this temperature (1173 K), the formation of the χ-phase is promoted at the grain boundaries and no further significant grain growth is observed [13] . By using Vilella etching solution the χ-phase precipitates are revealed and thus, indirectly, the grain boundaries are also shown. The different microstructures have been inspected by light optical microscopy and scanning electron microscopy (SEM) Solid State Phenomena Vols. 172-174
Results and Discussion

Continuous heating transformations
As pointed out before, the steel investigated transforms isothermally to martensite at temperatures below 320 K, which means that even at room temperature the microstructure continuously transforms to martensite in order to reach equilibrium. However, this transformation proceeds very slowly in the as-received condition, transforming during storage at room temperature only a few percentages per year. In order to retransform all the martensite present in the initial microstructure and obtain a fully austenitic microstructure, the steel has to be heat treated above the A F temperature. Fig. 2a shows the relative change in length obtained during a continuous heating at a rate of 0.05 K/s of a sample with ~95 % of martensite in the initial microstructure (the rest is χ-phase). The A F temperature determined from this plot is ~1040 K. It has been also observed that in samples with a lower volume fraction of martensite, the A F temperature is located at lower temperatures.
After undertaking several heat treatments between 1348 and 1523 K it was observed that above ~1448 K delta ferrite phase starts forming at the austenite grain boundaries. Figure 2b shows an scanning electron micrograph obtained after heating to 1473 K. The formation of δ-ferrite is observed at austenite grain boundaries. The presence of this ductile phase reduces the strength of the steel and modifies the composition of the austenitic matrix. SEM-EDS (Energy Dispersive Spectroscopy) analysis carried out on the first δ-ferrite grains formed show that, within this phase, there is a drastic reduction in the nickel and copper, and an increase in chromium and molybdenum content with respect to the surrounding austenitic matrix. On the other hand, to counterbalance this effect, an increase in nickel and copper, and a decrease in chromium and molybdenum content it is observed in the austenitic matrix close to the δ-ferrite grains. This could be anticipated since nickel and copper are austenite stabilizers while chromium is a ferrite stabilizer. These variations in the composition of austenite are expected to make this phase more stable and less transformable to martensite. Thus, the isothermal martensitic transformation could be hindered or even inhibited. Therefore to avoid the formation of this δ-ferrite, the solution temperature should be kept below ~1448 K. 
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Dilatometry Model
To estimate the isothermal martensite volume fraction kinetics from the relative change in length measured experimentally, a model is presented as follows. The atomic volume of the sample can be written as:
From the experimental data, and assuming an isotropic volume change in the sample, the atomic volume of the sample (V) can be expressed as:
( )
With V 0 the atomic volume at the start of the transformation. Parameter k is experimentally determined. Its value should be ideally one but departures from this value due to transformation plasticity, texture or segregation present in the microstructure. This value has to satisfy that f γ =1 at the start of the transformation and that f α' = f α' (max) at the end of the transformation. As in other dilatometry models, it will be assumed that k varies linearly from the start until the end of the transformation. In this work we have found that 1<k<1.001. Figure 3a shows the evolution of the relative change in length in this steel during an isothermal holing at room temperature and after heating to different solution temperatures (below 1448 K). To estimate the volume fraction kinetics, it is necessary to determine the value of f α' (max) at least for one sample isothermally transformed at room temperature. This volume fraction value was estimated from magnetization measurements in a similar way as in previous works published by the authors [7, 8, 11] . Figure 3b shows the evolution of the volume fraction of martensite after the conversion made using the dilatometry model. The solution temperature has a very important influence in accelerating the kinetics of the transformation. The results are compared, within the same plot, with those obtained in samples heat treated to 1223 K, cooled down to 233 K and isothermally transformed under the influence of an applied magnetic field of 20 and 30 T. The kinetics of the transformation are greatly accelerated using an external magnetic field, even if the solution temperature is much lower. It should be also taken into account that at 233K the transformation proceeds much faster than at 300 K. The saturation volume fraction obtained (f α' (max)) seems to be much higher also in the presence of an applied magnetic field; since the magnetic field is expected to affect only the driving force of the transformation and not the saturation value, the results obtained at 300 K show an incomplete transformation. Fig. 4 shows the prior austenite grain microstructures obtained after heating at 0.25 K/s to different solution temperatures: a) 1373 K; b) 1398 K and c) 1423 K. As it would be expected, the higher the solution temperature, the higher the average austenite grain size (value inserted in the label of each micrograph). It is known that the templability of steels can be slightly enhanced by increasing the prior austenite grain size, which could explain the increase in the isothermal martensite kinetics observed in Fig. 3 . It should be also considered that the higher the heating temperature, the more defects/dislocations are generated in the austenitic microstructure. Upon quenching, these defects would serve as nucleation sites for martensite. Both effects (increase in grain size and increase in defect density) would favor the transformation as it is observed experimentally. The following objective will be to derived the influence of the processing heating history on parameters such as the activation energy of the transformation, as it has been done previously using different models [5, 6] . In these previous works the activation energy estimated for the nucleation of isothermal martensite was so small (~5-10 kJ/mol) that atom-diffusion could not drive this transformation and only a mechanism based on dislocation/defect diffusion could explain these low activation values. The effect of high magnetic fields, thoroughly studied elsewhere [5] , it is shown to have a profound effect on the formation of isothermal martensite. As already mentioned above, this effect is purely thermodynamic since it only affects the total driving force of the transformation by lowering the energy needed for martensite (magnetic phase) nucleation in austenite (paramagnetic phase).
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Summary
In this investigation we have studied the continuous heating transformations taking place in a semiaustenitic precipitation hardening stainless steel. In order to avoid the presence of any phase in the austenitic matrix that could reduce the strength or corrosion properties of the steel, the solution temperature should be kept above ~1323 K and below ~1473 K to dissolve the χ-phase and prevent δ-ferrite formation, respectively. It has also been determined that complete reaustenitization is achieved above 1040 K. We have used high resolution dilatometry to study the isothermal formation of martensite during an isothermal holding at room temperature after the solution heat treatment. A semi-empirical dilatometry model is used to estimate the volume fraction kinetics from the relative change in length measure by dilatometry. These results show that the higher the solution temperature the faster the kinetics of martensite formation at room temperature. These results could be explained based on the increase the austenite grain size and in the defect/vacancy density as the solution temperature is increased.
